5-Hydroxymethylfurfural (HMF) is a biomass-derived important platform compound. Developing an efficient catalyst for producing HMF from a biomass source is important. Herein, using the ligands 5-sulfoisophthalic acid (SPA) and imidazole (Imd), a tin-based porous coordination polymer was synthesized, namely SPA-Imd-TinPCP. This novel material possesses a multifunctional catalysis capability. The coordinated tin (IV) can catalyze the isomerization of glucose to fructose. The ligand imidazole, as an additional base site, can catalyze glucose isomerization. The sulfonic group of the ligand SPA can catalyze the dehydration of fructose to HMF. SPA-Imd-TinPCP was used as a catalyst for the conversion of glucose to HMF. HMF yields of 59.5% in dimethyl sulfoxide (DMSO) and 49.8% in the biphasic solvent of water/tetrahydrofuran were obtained. Consecutive use of SPA-Imd-TinPCP demonstrated that, after reusing it five times, there was no significant activity loss in terms of the glucose conversion and HMF yield.
Introduction

5-Hydroxymethylfurfural (HMF)
is an important platform chemical. It can be used as a starting material for the synthesis of value-added chemicals [1, 2] . The glucose conversion to HMF is an attractive approach, as glucose can be obtained from the biomass resource [3] . Scheme 1 presents the two steps of the approach. Glucose is first isomerized to fructose, followed by the dehydration of fructose to HMF [4, 5] .
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glucose isomerization [10] [11] [12] [13] [14] . Sn-Beta and Lewis acidic metal salt, SnCl 4 , are promising catalysts for glucose isomerization [10] [11] [12] [13] [14] . Sn-Beta is an effective glucose isomerization catalyst, but it is not commercially available yet, and its synthesis is complex [15, 16] . Sn(IV) salts are likely to hydrolyze in a fast and uncontrolled manner. For example, when SnCl 4 is exposed to a humid atmosphere, the fuming precipitation of tin oxide can be observed [17] . For the preparation of Sn-based catalysts, Sn species should be tetrahedrally coordinated, not octahedrally coordinated like in SnO 2 , which exhibited poor activity [18] . Therefore, for synthesis of Sn-based catalysts with a high Sn loading, avoiding the formation of bulk SnO 2 should be considered.
Liquid acids, such as H 2 SO 4 and H 3 PO 4 , are efficient catalysts for the dehydration of fructose into HMF. Using homogeneous catalysts can lead to environmental pollution and increase the separation costs [19] . Solid acid catalysts, like sulfonate groups or phosphate-group-functionalized solid acids, are highly desirable from an economic and environmental point of view [19] [20] [21] . Catalysts possessing both Lewis/Brønsted acids sites exhibit bifunctional properties, and can be used for the one-pot synthesis of HMF from glucose [22] [23] [24] . Separation and purification of the intermediates is not necessary in the one-pot approach. Tin phosphate was prepared and used for converting glucose into HMF, and an HMF yield of 58.3% in the ionic liquid EMIMBr was obtained [22] . A polydivinylbenzene-based catalyst was used for the conversion of glucose to HMF, and HMF was obtained with stable yields [23] . Sulfonated MIL-101Cr achieved a 29% glucose conversion for producing HMF after a 24 h reaction in H 2 O/tetrahydrofuran (THF) [1] .
Porous coordination polymers (PCPs) are formed by coordinating metal ions with organic ligands. Because of their tunable pore sizes, large surface area, and versatile architectures, PCPs have been investigated as candidates for various applications [25] . 5-Sulfoisophthalic acid, with two carboxyl groups and a sulfonic group, can be used as a ligand to synthesize PCPs [26] [27] [28] . Imidazole is widely used as a ligand, coordinated with transition metals forming PCPs [29, 30] . Herein, 5-sulfoisophthalic acid (SPA) was used as the ligand and imidazole was used as an additional ligand; these were coordinated with tin (IV) to synthesize the tin-based PCP (SPA-Imd-TinPCP). SPA-Imd-TinPCP exhibited bifunctional catalysis capability. With tin (IV) as the Lewis acid sites and imidazole as the Brønsted base sites, SPA-Imd-TinPCP can catalyze the glucose isomerization reaction. The uncoordinated sulfonate groups of SPA on SPA-Imd-TinPCP can catalyze the dehydration of fructose to HMF. Thus, SPA-Imd-TinPCP combines the functions of isomerization of glucose into fructose and dehydration of fructose into HMF. This novel catalyst has been used and evaluated for catalyzing the conversion of glucose into HMF.
Results and Discussion
Characterization of SPA-Imd-TinPCP
A transmission electron microscope (TEM) image ( Figure 1a ) shows that SPA-Imd-TinPCP is a polymorph made up of partial crystals. The X-ray diffraction (XRD) pattern ( Figure 1b ) shows intense broad diffraction peaks corresponding to a polymorph made up of partial crystals. The X-ray diffraction (XRD) pattern is in accordance with the TEM image. Energy-disperse spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) were used for the analysis of elements. The spectra of EDS ( Figure 2a The XPS spectrum for N 1s of SPA-Imd-TinPCP was fitted with Lorentzian and Gaussian lines of variable proportion. As shown in Figure 3 , the two peaks at 401.4 and 400.0 eV were assigned to the binding energies for C-NH-C [30] and chemisorbed imidazole [31] , respectively. Imidazole contains two nitrogen atoms, a pyrrole nitrogen (N-1) and a pyrrodine nitrogen (N-3). The unshared pair of electrons on N-3 usually coordinated with metal ions via the unshared pair of electrons [31] . The spectrum decomposition confirmed that the ligand imidazole was coordinated with tin (IV) in the structure of SPA-Imd-TinPCP. Figure 4a shows the spectrum decomposition for C1s. The three peaks at 284.7, 286.6, and 289.0 eV were assigned to C-C/C-H, C-O, and O-C=O [32] , respectively. These peaks were ascribed to the presence of the ligand 5-sulfoisophthalic acid. The peaks at 285.2 and 286.0 eV was assigned to C=N and C-N [33] , which were attributed to the presence of imidazole. Figure 4b shows the existing state of tin species in SPA-Imd-TinPCP. The two peaks for Sn 3d5/2 and Sn 3d3/2 appeared at 487.2 and 495.7 eV, respectively. They appeared at positions different from those for the tin atoms in SnO2 (486.0 and 494.4 eV) [34] , indicating the presence of tin (IV) in SPA-Imd-TinPCP. The XPS spectrum for N 1s of SPA-Imd-TinPCP was fitted with Lorentzian and Gaussian lines of variable proportion. As shown in Figure 3 , the two peaks at 401.4 and 400.0 eV were assigned to the binding energies for C-NH-C [30] and chemisorbed imidazole [31] , respectively. Imidazole contains two nitrogen atoms, a pyrrole nitrogen (N-1) and a pyrrodine nitrogen (N-3). The unshared pair of electrons on N-3 usually coordinated with metal ions via the unshared pair of electrons [31] . The spectrum decomposition confirmed that the ligand imidazole was coordinated with tin (IV) in the structure of SPA-Imd-TinPCP. Figure 4a shows the spectrum decomposition for C1s. The three peaks at 284.7, 286.6, and 289.0 eV were assigned to C-C/C-H, C-O, and O-C=O [32] , respectively. These peaks were ascribed to the presence of the ligand 5-sulfoisophthalic acid. The peaks at 285.2 and 286.0 eV was assigned to C=N and C-N [33] , which were attributed to the presence of imidazole. Figure 4b shows the existing state of tin species in SPA-Imd-TinPCP. The two peaks for Sn 3d5/2 and Sn 3d3/2 appeared at 487.2 and 495.7 eV, respectively. They appeared at positions different from those for the tin atoms in SnO2 (486.0 and 494.4 eV) [34] , indicating the presence of tin (IV) in SPA-Imd-TinPCP. The XPS spectrum for N 1s of SPA-Imd-TinPCP was fitted with Lorentzian and Gaussian lines of variable proportion. As shown in Figure 3 , the two peaks at 401.4 and 400.0 eV were assigned to the binding energies for C-NH-C [30] and chemisorbed imidazole [31] , respectively. Imidazole contains two nitrogen atoms, a pyrrole nitrogen (N-1) and a pyrrodine nitrogen (N-3). The unshared pair of electrons on N-3 usually coordinated with metal ions via the unshared pair of electrons [31] . The spectrum decomposition confirmed that the ligand imidazole was coordinated with tin (IV) in the structure of SPA-Imd-TinPCP. Figure 4a shows the spectrum decomposition for C1s. The three peaks at 284.7, 286.6, and 289.0 eV were assigned to C-C/C-H, C-O, and O-C=O [32] , respectively. These peaks were ascribed to the presence of the ligand 5-sulfoisophthalic acid. The peaks at 285.2 and 286.0 eV was assigned to C=N and C-N [33] , which were attributed to the presence of imidazole. Figure 4b shows the existing state of tin species in SPA-Imd-TinPCP. The two peaks for Sn 3d5/2 and Sn 3d3/2 appeared at 487.2 and 495.7 eV, respectively. They appeared at positions different from those for the tin atoms in SnO 2 (486.0 and 494.4 eV) [34] , indicating the presence of tin (IV) in SPA-Imd-TinPCP. Figure 5 shows the Fourier transform infrared (FTIR) spectrum for SPA-Imd-TinPCP. The band at 1630 cm −1 was assigned to the asymmetric stretching vibrations of C=O. Free carboxyl groups have an absorption band at 1700 cm −1 [35] . The wavenumber was shifted to 1630 cm −1 , indicating that the carboxyl group of SPA was coordinated with tin (IV). The peaks at 1190 and 1045 cm −1 were ascribed to the symmetric and asymmetric stretching vibrations of the sulfonic acid group [36] . The peak at 1322 cm −1 was assigned to the ring C-N symmetric stretching of imidazole [31, 37] . The band at 1438 cm −1 was ascribed to the bending C=N vibration of the imidazole ring [38] . Figure 5 shows the Fourier transform infrared (FTIR) spectrum for SPA-Imd-TinPCP. The band at 1630 cm −1 was assigned to the asymmetric stretching vibrations of C=O. Free carboxyl groups have an absorption band at 1700 cm −1 [35] . The wavenumber was shifted to 1630 cm −1 , indicating that the carboxyl group of SPA was coordinated with tin (IV). The peaks at 1190 and 1045 cm −1 were ascribed to the symmetric and asymmetric stretching vibrations of the sulfonic acid group [36] . The peak at 1322 cm −1 was assigned to the ring C-N symmetric stretching of imidazole [31, 37] . The band at 1438 cm −1 was ascribed to the bending C=N vibration of the imidazole ring [38] . Figure 5 shows the Fourier transform infrared (FTIR) spectrum for SPA-Imd-TinPCP. The band at 1630 cm −1 was assigned to the asymmetric stretching vibrations of C=O. Free carboxyl groups have an absorption band at 1700 cm −1 [35] . The wavenumber was shifted to 1630 cm −1 , indicating that the carboxyl group of SPA was coordinated with tin (IV). The peaks at 1190 and 1045 cm −1 were ascribed to the symmetric and asymmetric stretching vibrations of the sulfonic acid group [36] . The peak at 1322 cm −1 was assigned to the ring C-N symmetric stretching of imidazole [31, 37] . The band at 1438 cm −1 was ascribed to the bending C=N vibration of the imidazole ring [38] . Figure 6 shows the FTIR spectrum with pyridine adsorption for the analysis of Brønsted and Lewis acid sites. The band at 1596 cm −1 is associated with pyridine interact with the catalyst with a hydrogen bond mode [39] . The band at 1445 cm −1 is attributed to the pyridine adsorption on Lewis acid sites [39] [40] [41] [42] . The appearance of these bands confirmed that SPA-Imd-TinPCP exhibited a Lewis acidity. The bands at 1540 and 1640 cm −1 are ascribed to the C-C stretching vibration of pyridinium ion, indicating the presence of Brønsted acid sites. The peak at 1488 cm −1 was attributed to pyridine, adsorbed on both Lewis and Brønsted acid sites [39] [40] [41] [42] . Figure 7a shows the N2 adsorption and desorption isotherms measured at 77 K, and Figure 7b shows the pore size distribution. SPA-Imd-TinPCP exhibited a large Brunauer-Emmett-Teller (BET) surface area of 345.2 m 2 g −1 . The uptake under the lower pressure range (P/P = 10
to 0.1 ) demonstrated a microporous feature. The uptake occurred near P/P = 0.9~1.0 can be attributed to the textural pores created by the aggregation of nanocrystals. Most of the pore diameters of SPA-Imd-TinPCP are smaller than 4 nm. Figure 6 shows the FTIR spectrum with pyridine adsorption for the analysis of Brønsted and Lewis acid sites. The band at 1596 cm −1 is associated with pyridine interact with the catalyst with a hydrogen bond mode [39] . The band at 1445 cm −1 is attributed to the pyridine adsorption on Lewis acid sites [39] [40] [41] [42] . The appearance of these bands confirmed that SPA-Imd-TinPCP exhibited a Lewis acidity. The bands at 1540 and 1640 cm −1 are ascribed to the C-C stretching vibration of pyridinium ion, indicating the presence of Brønsted acid sites. The peak at 1488 cm −1 was attributed to pyridine, adsorbed on both Lewis and Brønsted acid sites [39] [40] [41] [42] . Figure 6 shows the FTIR spectrum with pyridine adsorption for the analysis of Brønsted and Lewis acid sites. The band at 1596 cm −1 is associated with pyridine interact with the catalyst with a hydrogen bond mode [39] . The band at 1445 cm −1 is attributed to the pyridine adsorption on Lewis acid sites [39] [40] [41] [42] . The appearance of these bands confirmed that SPA-Imd-TinPCP exhibited a Lewis acidity. The bands at 1540 and 1640 cm −1 are ascribed to the C-C stretching vibration of pyridinium ion, indicating the presence of Brønsted acid sites. The peak at 1488 cm −1 was attributed to pyridine, adsorbed on both Lewis and Brønsted acid sites [39] [40] [41] [42] . Figure 7a shows the N2 adsorption and desorption isotherms measured at 77 K, and Figure 7b shows the pore size distribution. SPA-Imd-TinPCP exhibited a large Brunauer-Emmett-Teller (BET) surface area of 345.2 m 2 g −1 . The uptake under the lower pressure range (P/P = 10
to 0.1 ) demonstrated a microporous feature. The uptake occurred near P/P = 0.9~1.0 can be attributed to the textural pores created by the aggregation of nanocrystals. Most of the pore diameters of SPA-Imd-TinPCP are smaller than 4 nm. Figure 7a shows the N 2 adsorption and desorption isotherms measured at 77 K, and Figure 7b shows the pore size distribution. SPA-Imd-TinPCP exhibited a large Brunauer-Emmett-Teller (BET) surface area of 345.2 m 2 g −1 . The uptake under the lower pressure range (P/P 0 = 10 −5 to 0.1) demonstrated a microporous feature. The uptake occurred near P/P 0 = 0.9 ∼ 1.0 can be attributed to the textural pores created by the aggregation of nanocrystals. Most of the pore diameters of SPA-Imd-TinPCP are smaller than 4 nm. 
The Roles 5-Sulfoisophthalic Acid and Imidazole Play in Catalysis
5-Sulfoisophthalic Acid
The ligand sulfoisophthalic acid has one sulfonic acid group and two carboxyl groups. In comparison to the sulfonic acid group, the carboxyl groups have a much stronger coordination ability. Thus SPA-Imd-TinPCP contains sulfonic acid groups that are not coordinated with Tin (IV), as illustrated in Figure 8 . These sulfonic acid groups are available to catalyze the dehydration of fructose to HMF. Figure 9 shows the profile of fructose conversion versus reaction time under the catalysis of SPA-Imd-TinPCP. After a 3-h reaction, the fructose conversions were 92.9% in a biphasic solvent of H2O/THF (v/v 1:4) and 99.9% in DMSO. The HMF yields were 72.9% in H2O/THF (v/v 1:4) and 99.8% in DMSO. The results demonstrated that the sulfonic acid group of SPA-Imd-TinPCP exhibited a high efficiency for the dehydration of fructose into HMF. 
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The ligand sulfoisophthalic acid has one sulfonic acid group and two carboxyl groups. In comparison to the sulfonic acid group, the carboxyl groups have a much stronger coordination ability. Thus SPA-Imd-TinPCP contains sulfonic acid groups that are not coordinated with Tin (IV), as illustrated in Figure 8 . These sulfonic acid groups are available to catalyze the dehydration of fructose to HMF. Figure 9 shows the profile of fructose conversion versus reaction time under the catalysis of SPA-Imd-TinPCP. After a 3-h reaction, the fructose conversions were 92.9% in a biphasic solvent of 
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Imidazole
Imidazole is another ligand in SPA-Imd-TinPCP. When preparing SPA-Imd-TinPCP, the initial molar ratio of 5-sulfoisophthalic acid to imidazole was 2:1. Imidazole comprises two nitrogen atoms, pyrrole nitrogen (N-1) and pyrrodine nitrogen (N-3). The N1s spectra (Figure 3 ) confirmed that the nitrogen atom N-3 was coordinated with tin (IV). We speculate on the coordination of imidazole with tin (IV) in the form as illustrated in Figure 8 . To investigate the role imidazole plays in catalysis, we used it to catalyze the glucose isomerization. Imidazole achieved a glucose conversion of 63.2%, a fructose yield of 21.1%, and an HMF yield of 1.9% (Table 1) . SPA-TinPCP is a Sn-based porous coordination polymer, which was synthesized only using 5-sulfoisophthalic acid as the ligand. SPA-TinPCP achieved a glucose conversion of 63.2% and an HMF yield of 37.3%. In contrast, SPA-Imd-TinPCP achieved a glucose conversion of 86.2% and an HMF yield of 49.8%. The ICP-AES elemental analysis showed that the amount of tin (IV) in SPA-Imd-TinPCP (39.5 wt %) is comparable to that of tin (IV) in SPA-TinPCP (38.7 wt %). It can be reasoned that the ligand imidazole made a contribution to the better catalysis efficiency of SPA-Imd-TinPCP, as presented in Table 1 . 4) to prepare the glucose solution, and 50 mg of catalyst was added to the solution. The reaction temperature and pressure were 160 °C and 5 atm, respectively. The reaction time was 5 h.
Catalysis of Conversion of Glucose to HMF
Two reaction media were used for the conversion of glucose to HMF under the catalysis of SPA-Imd-TinPCP. Figure 10a shows the results in DMSO. After a 4 h reaction, 89.5% of glucose was converted, the HMF yield was 59.5%, equivalent to an HMF selectivity of 66.5%, and the yield of fructose was 1.0%. Figure 10b shows the results in a biphasic solvent of H2O/THF (v/v 1:4). After a 5- 
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Imidazole is another ligand in SPA-Imd-TinPCP. When preparing SPA-Imd-TinPCP, the initial molar ratio of 5-sulfoisophthalic acid to imidazole was 2:1. Imidazole comprises two nitrogen atoms, pyrrole nitrogen (N-1) and pyrrodine nitrogen (N-3). The N1s spectra (Figure 3 ) confirmed that the nitrogen atom N-3 was coordinated with tin (IV). We speculate on the coordination of imidazole with tin (IV) in the form as illustrated in Figure 8 . To investigate the role imidazole plays in catalysis, we used it to catalyze the glucose isomerization. Imidazole achieved a glucose conversion of 63.2%, a fructose yield of 21.1%, and an HMF yield of 1.9% (Table 1) . SPA-TinPCP is a Sn-based porous coordination polymer, which was synthesized only using 5-sulfoisophthalic acid as the ligand. SPA-TinPCP achieved a glucose conversion of 63.2% and an HMF yield of 37.3%. In contrast, SPA-Imd-TinPCP achieved a glucose conversion of 86.2% and an HMF yield of 49.8%. The ICP-AES elemental analysis showed that the amount of tin (IV) in SPA-Imd-TinPCP (39.5 wt %) is comparable to that of tin (IV) in SPA-TinPCP (38.7 wt %). It can be reasoned that the ligand imidazole made a contribution to the better catalysis efficiency of SPA-Imd-TinPCP, as presented in Table 1 . 4) to prepare the glucose solution, and 50 mg of catalyst was added to the solution. The reaction temperature and pressure were 160 • C and 5 atm, respectively. The reaction time was 5 h.
Catalysis of Conversion of Glucose to HMF
Two reaction media were used for the conversion of glucose to HMF under the catalysis of SPA-Imd-TinPCP. Figure 10a shows the results in DMSO. After a 4 h reaction, 89.5% of glucose was converted, the HMF yield was 59.5%, equivalent to an HMF selectivity of 66.5%, and the yield of fructose was 1.0%. Figure 10b shows the results in a biphasic solvent of H 2 O/THF (v/v 1:4). After a 5-h reaction, 86.2% of glucose was converted and the HMF yield was 49.8%, equivalent to an HMF selectivity of 57.8%.
After a 5 h reaction in H 2 O/THF (v/v 1:4), separation and purification of HMF from the reaction mixture were complete. The insoluble byproducts and catalysts were removed from the reaction mixture by filtration. The filter cake was washed with deionized water. After adding saturated sodium chloride into the filtrate of the reaction mixture, the mixture (about 10 mL) was separated into two phases: the upper layer of THF and the lower aqueous phase. The concentration of HMF in both phases were analyzed with high performance liquid chromatography (HPLC). It was found that about one-fourth of the HMF produced still existed in the aqueous layer. In order to extract HMF in the aqueous phase into organic phase, 15 mL of diethyl ether was added into the filtrate as an additional extraction solvent. With the addition of diethyl ether, about 92% of HMF was extracted into the organic layer. The THF and diethyl ether were separated by distillation at 50 • C. Pure HMF was obtained as the residue in the flask.
Consecutive use of SPA-Imd-TinPCP was performed with a 5-h reaction for each cycle in DMSO and in H 2 O/THF. The HMF yield and glucose conversion showed that after reusing it five times, the activity loss of SPA-Imd-TinPCP can be neglected (Figure 11 ). SPA-Imd-TinPCP has been compared with other tin-based catalysts. For the catalysis in DMSO, SPA-Imd-TinPCP showed advantages over the homogeneous catalysts SnCl 4 , tin phosphate, and Sn-Mont in terms of the HMF yield and selectivity, as presented in Table 2 . In the biphasic solvent H 2 O/THF, SPA-Imd-TinPCP exhibited better HMF yield and selectivity than that of Sn-Beta in water/1-butanol. Sn-Beta in H 2 O/THF/HCl exhibited an HMF yield of 56.9% and an HMF selectivity of 72% [5] . Because HCl alone can achieve an HMF yield of about 10%, it can be reasoned that SPA-Imd-TinPCP had comparable results to Sn-Beta in H 2 O/THF. h reaction, 86.2% of glucose was converted and the HMF yield was 49.8%, equivalent to an HMF selectivity of 57.8%. After a 5 h reaction in H2O/THF (v/v 1:4), separation and purification of HMF from the reaction mixture were complete. The insoluble byproducts and catalysts were removed from the reaction mixture by filtration. The filter cake was washed with deionized water. After adding saturated sodium chloride into the filtrate of the reaction mixture, the mixture (about 10 mL) was separated into two phases: the upper layer of THF and the lower aqueous phase. The concentration of HMF in both phases were analyzed with high performance liquid chromatography (HPLC). It was found that about one-fourth of the HMF produced still existed in the aqueous layer. In order to extract HMF in the aqueous phase into organic phase, 15 mL of diethyl ether was added into the filtrate as an additional extraction solvent. With the addition of diethyl ether, about 92% of HMF was extracted into the organic layer. The THF and diethyl ether were separated by distillation at 50 °C. Pure HMF was obtained as the residue in the flask.
Consecutive use of SPA-Imd-TinPCP was performed with a 5-h reaction for each cycle in DMSO and in H2O/THF. The HMF yield and glucose conversion showed that after reusing it five times, the activity loss of SPA-Imd-TinPCP can be neglected ( Figure 11 ). SPA-Imd-TinPCP has been compared with other tin-based catalysts. For the catalysis in DMSO, SPA-Imd-TinPCP showed advantages over the homogeneous catalysts SnCl4, tin phosphate, and Sn-Mont in terms of the HMF yield and selectivity, as presented in Table 2 . In the biphasic solvent H2O/THF, SPA-Imd-TinPCP exhibited better HMF yield and selectivity than that of Sn-Beta in water/1-butanol. Sn-Beta in H2O/THF/HCl exhibited an HMF yield of 56.9% and an HMF selectivity of 72% [5] . Because HCl alone can achieve an HMF yield of about 10%, it can be reasoned that SPA-Imd-TinPCP had comparable results to Sn-Beta in H2O/THF. Other metal-based catalysts have been developed for the catalytic conversion of glucose to HMF with high efficiency. TiO2-ZrO2 modified with CH3COOH achieved the highest yield of 76% to HMF in H2O/THF [44] . The synthesis of modified TiO2-ZrO2 [44] was carried out with the sol-gel method. The gel was subjected to the extraction of liquids in an oven at 70 °C for 48 h and then calcined at 500 °C for 12 h. The HMF yields of modified TiO2-ZrO2 were reduced by about 60% after three cycles due to the loss of acidic sites. A bifunctional porous coordination polymer, PCP(Cr)-NH2, achieved an HMF yield of 65.9% from glucose in H2O/THF [45] . However, PCP(Cr)-NH2 was synthesized at a higher temperature, 220 °C, and hydrogen fluoride was used for preparing the catalyst [45] . Compared with the reported catalyst, SPA-Imd-TinPCP showed advantages including catalytic stability, a lower synthesis temperature (100 °C), a synthesis process free of hydrofluoric acid, and calcinations not being needed.
Experimental Section
Chemicals and Materials
All chemicals required for the synthesis of catalyst and catalytic reactions were purchased from Sigma-Aldrich (Shanghai, China) or Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used as received without further purification.
Synthesis of SPA-Imd-TinPCP
A 2.454 g portion of Tin(IV) chloride, 3.754 g of 5-sulfoisophthalic acid (SPA) monosodium salt, and 0.476 g of imidazole (Imd) were added to 70 mL of N,N,-dimethylformamide (DMF), and stirred for 16 min. Then the solution was sealed in a 100-mL stainless-steel reactor with a Teflon liner. The reaction was carried out for 20 h at 100 °C. After being cooled to 25 °C, the synthesized PCP (SPA-Imd-TinPCP) was recovered by filtering it through a 450-nm polycarbonate membrane, and washing Other metal-based catalysts have been developed for the catalytic conversion of glucose to HMF with high efficiency. TiO 2 -ZrO 2 modified with CH 3 COOH achieved the highest yield of 76% to HMF in H 2 O/THF [44] . The synthesis of modified TiO 2 -ZrO 2 [44] was carried out with the sol-gel method. The gel was subjected to the extraction of liquids in an oven at 70 • C for 48 h and then calcined at 500 • C for 12 h. The HMF yields of modified TiO 2 -ZrO 2 were reduced by about 60% after three cycles due to the loss of acidic sites. A bifunctional porous coordination polymer, PCP(Cr)-NH 2 , achieved an HMF yield of 65.9% from glucose in H 2 O/THF [45] . However, PCP(Cr)-NH 2 was synthesized at a higher temperature, 220 • C, and hydrogen fluoride was used for preparing the catalyst [45] . Compared with the reported catalyst, SPA-Imd-TinPCP showed advantages including catalytic stability, a lower synthesis temperature (100 • C), a synthesis process free of hydrofluoric acid, and calcinations not being needed.
Experimental Section
Chemicals and Materials
Synthesis of SPA-Imd-TinPCP
A 2.454 g portion of Tin(IV) chloride, 3.754 g of 5-sulfoisophthalic acid (SPA) monosodium salt, and 0.476 g of imidazole (Imd) were added to 70 mL of N,N,-dimethylformamide (DMF), and stirred for 16 min. Then the solution was sealed in a 100-mL stainless-steel reactor with a Teflon liner. The reaction was carried out for 20 h at 100 • C. After being cooled to 25 • C, the synthesized PCP (SPA-Imd-TinPCP) was recovered by filtering it through a 450-nm polycarbonate membrane, and washing with DMF, distilled water, and ethanol. SPA-Imd-TinPCP was dried under vacuum at 60 • C overnight.
Characterization and Measurement
X-ray photoelectron spectroscopy (XPS) spectra were measured using an X-ray photoelectron spectrometer (Thermo VG ESCALAB250, Waltham, MA, USA). The measurement was carried out at a pressure of 2 × 10 −9 Pa using Mg Ka X-ray as the excitation source. Infrared spectra were recorded on a Bruker Tensor 27 FTIR spectrometer at a nominal resolution of 2 cm −1 (Bruker, Billerica, MA, USA).
The N 2 sorption measurements were performed on a Micromeritics ASAP 2020 V3.01H instrument (Micromeritics, Norcross, GA, USA) at 77 K. The samples were degassed under a high vacuum (10−5 Torr) at 150 • C for 10 h, prior to each measurement. Using the Brunauer-Emmett-Teller (BET) method, the surface area was calculated from adsorption isotherm data points and the pore size distribution was determined.
The FTIR spectra after pyridine adsorption were studied to evaluate the Lewis acid characteristics on the surface of the SPA-Imd-TinPCP. The tin cation coordinated in SPA-Imd-TinPCP was analyzed with inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
Conversion of Glucose to HMF
The glucose solution was prepared by dissolving 200 mg of glucose in 5 mL of solvent. Then 50 mg of SPA-Imd-TinPCP were added to the solution. The reaction mixture was heated to 160 • C in a 50-mL stainless-steel reactor with a Teflon liner in an oil bath under strong stirring. The reaction was stopped by cooling the reactor in an ice bath. The samples (200 µL) were centrifuged to remove all insoluble particulates and diluted with distilled water ready for analysis.
Substrate and Product Analysis
The analysis of glucose, fructose, formic acid, and levulinic acid was carried out using high-performance liquid chromatography (Shimadzu LC-10A, Kyoto, Japan) with an Aminex HPX-87H (Bio-Rad Laboratories Inc., Hercules, CA, USA) ion exclusion column.H 2 SO 4 (5 mM) was used as the mobile phase and the flow rate was 0.6 mL/min. The column oven was 65 • C. A Diamonsil C18 column (Dikma Technologies Inc., Lake Forest, CA, USA) was used to detect HMF. A solution of methanol/water (70:30 v/v) was used as the mobile phase and the flow rate was 1.0 mL/min. The column oven temperature was 25 • C. Each reaction was carried out in triplicate and the error was analyzed.
Reuse of Catalyst
Consecutive use of SPA-Imd-TinPCP was carried out. After each run, the catalyst was recovered by filtration through a membrane, followed by washing with water and ethanol. Then the catalyst was dried at 60 • C under a vacuum overnight. The reaction time for each cycle was 5 h.
Conclusions
The tin-based porous coordination polymer SPA-Imd-TinPCP was synthesized using 5-sulfoisophthalic acid and imidazole as the ligands. This new material was used as a catalyst for the conversion of glucose to HMF. SPA-Imd-TinPCP possesses a multifunctional catalysis capability. The coordinated tin (IV) catalyzes the isomerization of glucose to fructose. The coordinated imidazole in SPA-Imd-TinPCP provides additional Brønsted base active sites for catalyzing glucose's isomerization to fructose. The sulfonic group of SPA catalyzes the dehydration of fructose to HMF. Through the synergistic catalysis of the components of SPA-Imd-TinPCP, HMF yields of 59.5% in DMSO and 49.8% in H 2 O/THF were obtained. Consecutive use of SPA-Imd-TinPCP demonstrated that, after five reuses, there was no significant activity loss in terms of the glucose conversion and HMF yield. Aside from the catalysis advantage, SPA-Imd-TinPCP can be easily prepared at a relatively low temperature (100 • C), and calcinations are not needed, which may reduce the costs.
